Introduction
============

The explosively growing use of mobile phones has upraised worldwide substantial concerns about their potentially harmful effects on human health. The harmful effects of electromagnetic fields (EMF) emitted from sources such as mobile phones vary extensively depending on the frequency and intensity of the fields \[[@B1]\]. The frequency of EMF emitted by mobile phones ranges from 800 to 2000 MHz, categorized as the radiofrequency (RF) waves. According to the global system of mobile communication (GSM), 900 MHz is of the most widely used frequency band \[[@B2]\].

Placing the antennas near the head during cell phone usage and also the scattering waves generated by base stations cause propagation of radio waves into the central nervous system (CNS) \[[@B3]\]. Radio waves can initiate molecular responses which would result in altered cell proliferation or cell death \[[@B4]\]. In this regard, loss of neurons was detected in the hippocampus of 4-week-old rats as a consequence of repeated in utero exposure to GSM 900-MHz at a specific absorption rate (SAR) of 2 W/kg (1 hour daily, throughout prenatal life) \[[@B5][@B6]\]. Moreover, a single head-only exposure (15 minutes in duration) to GSM 900 MHz at a SAR of 6 W/kg was shown to be sufficient to decrease glutamate and gamma amino butyric acid receptors and trigger an astroglial reaction in adult rat brain \[[@B7]\].

Neural stem cells (NSCs) are present in the mammalian CNS as the life-long source of neurons and glia \[[@B8]\]. These cells are involved in active neurogenesis that occurs in two neurogenic zones namely the subventricular zone (SVZ) of the lateral ventricles and the sub-granular zone of the hippocampal dentate gyrus \[[@B9][@B10]\]. Interestingly, cells at different stage of development in the process of neurogenesis could be affected by various factors such as disease \[[@B11]\], drugs \[[@B11]\], diets \[[@B12]\], exercise \[[@B13]\], aging \[[@B14]\], and other physical stimuli such as EMFs \[[@B15][@B16]\]. Therefore, due to the widespread use of mobile communication systems in daily life, determining the effect of RF-EMF radiation on proliferation, differentiation, and apoptosis of NSCs is vital. While some studies on cell lines and animal models demonstrated no effect of RF-EMF on proliferation, gene expression, and apoptosis \[[@B17]\], other studies reported the loss of neurons in the brain and also increase of apoptosis in embryonic NSCs after exposure to RF-EMF radiation \[[@B18]\]. According to the latest study to date, with the aim of assessing the effects of 1800-MHz radio wave on proliferation, differentiation, and apoptosis of embryonic NSCs, RF waves at different SAR values did not influence the rate of death, proliferation, and differentiation of these cells into neurons and astrocytes \[[@B19]\]. So far, no *in-vitro* research has been performed to evaluate the effects of the widely used GSM 900 MHz on the proliferation, differentiation, and apoptosis of NSCs. In addition, the works to date are mainly focused on the effects of varying SARs but not exposure time duration. Therefore, this study was aimed to evaluate the effects of RF radiation emitted from a GSM 900-MHz mobile phone on proliferation, differentiation, and apoptosis of SVZ derived NSCs *in vitro* at different time duration.

Materials and Methods
=====================

Experimental animals and NSC culture
------------------------------------

Adult male BALB/c mice (25--30 g) were utilized in this study (the Laboratory Animal Center of Shiraz University of Medical Sciences, Shiraz, Iran).

Primary neurospheres were generated from the lateral wall of SVZ of the lateral ventricles using the neurosphere assay as described elsewhere \[[@B20]\]. Briefly, after anesthetizing the animals using 4% isoflurane and performing cervical dislocation, the brains were removed, washed several times with cold phosphate buffered saline (PBS) containing 10% penicillin/streptomycin. Then, the SVZ of both lateral ventricles were harvested from each brain under a dissection microscope. After chopping with a razor blade, the harvested tissue was digested in 0.05% trypsin-EDTA (37℃, 5--7 minutes) and then mechanically dissociated to achieve a single cell suspension. Cells harvested from each brain were re-suspended in a complete neurosphere medium (5 ml) supplemented with epidermal growth factor (EGF, 20 ng/ml), basic fibroblastic factor (bFGF, 10 ng/ml), and heparin (2 µg/ml). The suspension was plated in a T25 flask and incubated in a humidified incubator with 5% CO~2~ for 8 days. The resulting primary neurosphere were collected, centrifuged, and dissociated into single cells and replated in the complete neurosphere medium to expand NSCs for experiments.

Preparation of the samples
--------------------------

To expose NSCs to GSM 900-MHz RF-EMF, a known number of single cells from passage 2 neurospheres were resuspended in complete neurosphere medium supplemented with growth factors in 15-ml conical tubes. The tubes were centrifuged gently for 30 seconds to precipitate the cells to the bottom of the tubes. The tubes were placed circularly in the far field distance around the GSM antenna to obtain uniform irradiation for 0 (control), 15 (group A), 30 (group B), 60 (group C), and 120 (group D) minutes. The samples were kept inside a tissue culture incubator with 37℃ temperature and 95% humidity during the irradiation period.

Exposure system
---------------

For all experiments, NSCs were irradiated with a GSM 900-MHz mobile simulator in a "Talk mode." This mobile phone simulator was developed at Department of Medical Physics and Biomedical Engineering, School of Medicine, Shiraz University of Medical Sciences, Shiraz, Iran by cooperation of the private sector \[[@B21][@B22][@B23]\]. A detailed description of this system and its dosimetry is described in [Table 1](#T1){ref-type="table"}. The exposure set-up was controlled and monitored by a calibrated spectrum analyzer. During exposure, the temperature of the incubator was monitored and maintained at 37±0.1℃. Loose pellets of NSCs in the bottom of 15 ml tubes were placed circularly around the GSM antenna to obtain uniform irradiation. The samples were positioned in the far field. Far field was measured by using the following equation. Where d is the length of the GSM antenna and λ is the wave-length. The average SAR calculated for this experiment was 2.287 W/kg.

Neurosphere assay and size determination
----------------------------------------

After reaching the end of each irradiation time points, the contents of each tube, representing each condition, was divided into eight wells of a 96-well plates at a density of 5,000 cells/200 µl of complete neurosphere medium supplemented with growth factors and incubated for 8 days to form neurospheres. Using an Olympus (Olympus, Center Valley, PA, USA) inverted microscope all neurospheres bigger than or approximately equal to 50 µm in diameter were counted \[[@B24]\] and recorded as the neurosphere forming frequency per group. At the same time, applying a systematic random sampling method, we captured 4--5 images from different locations of each well using an Olympus CKX41 digital camera to determine the mean diameter and surface area of neurospheres in each group using a stereological software (Stereo lite, SUMS, Shiraz, Iran). The mean for the number of neurospheres/group and mean neurosphere diameter (µm) were compared among all groups. All data were presented as mean±SEM for each group.

NSC differentiation assay
-------------------------

To evaluate the effects of GSM 900-MHz RF-EMF on differentiation capacity of NSCs, we plated irradiated cells from different groups in a differentiation assay known as the neuroblast assay \[[@B10][@B25]\]. Briefly, cells (3×10^5^ cells/ml) were plated in complete neurosphere medium supplemented with EGF (20 ng/ml), bFGF (10 ng/ml), and 5% fetal calf serum (FCS) in 24-well plates that were coated with poly-L-ornithine. The cultures were incubated for 3--4 days in a humidified incubator with 5% CO~2~ and then, their medium were replaced with the same medium containing 5% FCS but without growth factors. After 4 days, the cultures were fixed using cold paraformaldehyde (PFA; 4%, 20 minutes at room temperature) and processed for immunofluorescence analysis of neuronal and astrocytic markers.

Immunofluorescence
------------------

Fixed samples were washed with PBS to remove PFA, and then the primary antibody solution containing mouse monoclonal anti-β-III-tubulin (1:1,000) and rabbit polyclonal anti-glial fibrillary acidic protein (GFAP; 1:1,000) in PBST (PBS+0.1% Triton-X) supplemented with 10% normal goat serum (NGS) was added to each well of the 24-well plates and incubated kept for 2 hours at room temperature. After removing the primary antibody and washing samples with PBS, the secondary antibody solution containing goat anti-mouse Alexa-Fluor 488 and goat anti-rabbit Alexa-Fluor 568 (1:500) in PBS-Triton supplemented with 10% NGS were added to each well and incubated for 45 minutes at room temperature in dark. DAPI (1:500) was also added to the secondary antibody solution to counterstain cell nuclei. Using a fluorescent microscope (Olympus IX-71) equipped with a Canon EOS digital camera (Canon, Tokyo, Japan) 10--15 representative pictures/well were taken and cells were counted after merging images using Adobe Photoshop CS4 and the data were presented as a percentage of total cells counted.

AlamarBlue cell viability assay
-------------------------------

To assess the effect of GSM 900-MHz RF-EMF radiation on NSCs viability, cells from different treatment groups were plated in 96 well plates at the density of 5,000 cells/well in 200 µl of complete neurosphere medium supplemented with growth factors and incubated for 8 hours and then cell viability was measured using alamarBlue assay following the manufacturer\'s instructions. Briefly, 20 µl of the ready to use alamarBlue solution were added to each well and incubated for 2 hours at 37℃ till non-fluorescent resazurin was reduced to resorufin, a compound that is red in color and highly fluorescent. Then, the mean fluorescent intensity from each group was determined using Bio-Rad plate reader (Hercules, CA, USA) at 570 nm excitation wavelength.

Activated caspase 3 cell death/apoptosis assay
----------------------------------------------

To evaluate the possible deleterious effects of cell phone irradiation on initiation of cell death in NSCs, cells treated with 2.287 W/kg of GSM 900-MHz RF-EMF at 0, 15, 30, 60, and 120 minutes time points were collected, centrifuged and fixed with cold PFA (4%, 20 minutes at room temperature). After washing, cells were incubated in primary antibody solution (as described before) containing rabbit anti-activated caspase-3 (1:1,000) for 2 hours at room temperature. Then cells were centrifuged to remove antibody and washed three times with PBS. The samples were incubated with secondary goat anti-rabbit Alexa-Fluor 488 (1:500) for 1 hour at room temperature to label positive cells. After removing the antibody and washing with PBS, the samples were resuspended in PBS and analyzed with flow cytometry.

Statistical analysis
--------------------

Data analysis was performed by GraphPad Prism software (version 6.01, San Diego, CA, USA) using one-way ANOVA followed by Tukey\'s *post-hoc* test or Bonferroni test where suitable. All data was presented as mean±SEM and *P*\<0.05 was set as the significance level between groups.

Results
=======

Neurosphere forming frequency and size after NSC exposure to GSM 900-MHz RF-EMF
-------------------------------------------------------------------------------

Long-term exposure to GSM 900 MHz decreases NSC proliferation. Results from the NSCs exposed to 2.287 W/kg RF-EMF for 0 (control), 15 (group A), 30 (group B), 60 (group C), and 120 (group D) minutes showed that while the mean neurosphere number/5,000 cells was 46.94±3.27 for the control group, this measure was 59.91±5.18 for group A, 49.06±4.11 for group B, 45.94±5.61 for group C, and 25.56±3.41 for group D. Statistical analysis revealed that exposure of the harvested NSCs to 2.287 W/kg RF-EMF led to a significant decrease in neurosphere formation in group D in comparison to the control and other treatment groups ([Fig. 1A](#F1){ref-type="fig"}).

Additionally, the mean neurosphere diameter was 111.7±3.16 µm for the control group, and 113.5±2.84, 118 ±3.76, 106.3±3.07, and 96.8±2.88 µm for group A, B, C, and D, respectively. Statistical analysis revealed that exposure of the harvested NSCs to 2.287 W/kg RF-EMF would result in a significant reduction in the neurosphere diameter in group D comparing to the control, group A and B ([Fig. 1B](#F1){ref-type="fig"}).

Overall, these data indicate that although neurospheres formed in all treatment groups ([Fig. 1C](#F1){ref-type="fig"}), exposure to 2.287 W/kg RF-EMF for 120 minutes would significantly affect NSCs proliferative capacity.

Differentiation capability of NSCs after exposure to GSM 900-MHz RF-EMF
-----------------------------------------------------------------------

Exposure to GSM 900 MHz decreases neuronal differentiation in NSCs. To analyze the effects of GSM 900-MHz RF-EMF exposure on NSC differentiation, the cells were first exposed to 2.287 W/kg RF-EMF at different exposure times as mentioned earlier and then plated in differentiation culture medium at a density of 3×10^5^ cells/ml for 8 days. No significant difference was noticed between different treatment groups in the percent cells differentiated into GFAP+astrocytes ([Fig. 2A, C](#F2){ref-type="fig"}). In contrast, by increasing RF-EMF exposure time a significant reduction in the percent cells differentiated into β-III-tubulin+ neurons was detected in all treatment groups ([Fig. 2B, C](#F2){ref-type="fig"}). These data show that long-term exposure of NSCs might result in a dramatic decrease in their neuronal differentiation.

NSCs viability and apoptosis after exposure to GSM 900-MHz RF-EMF
-----------------------------------------------------------------

Exposure to GSM 900 MHz does not influence NSCs viability. After exposing NSCs to GSM 900-MHz RF-EMF the amount of cause cell death was measured using alamarBlue viability assay 8 hours after radiation. The results revealed no significant difference between different groups in terms of viability ([Fig. 3A](#F3){ref-type="fig"}). In addition, we checked for expression of caspase 3 as an apoptosis marker 2 hours after radiation. Flow cytometric analysis for caspase 3 expression did not show any significant cell death post-irradiation to 2.287 W/kg GSM 900-MHz RF-EMF as compared to the control group ([Fig. 3B, C](#F3){ref-type="fig"}).

Discussion
==========

Current study were planned to evaluate the effects of RF radiation emitted from a mobile phone GSM 900 MHz at SAR value of 2.287 W/kg on proliferation, differentiation and apoptosis of adult NSCs harvested from the SVZ of adult murine brain at different time durations. When sorting the groups in terms of time, we considered both short-term and long-term exposure to RF for an accurate assessment of the effects of GSM 900-MHz RF-EMF at various time intervals on the proliferation, differentiation, and apoptosis of neural stem and progenitor cells. Extensive number of studies on the effects of extremely low frequency (ELF)-EMF exposure on adult NSCs proliferation was performed at different frequencies. Most of these studies showed that ELF-EMF exposure would cause an increase in the proliferation and neural differentiation of NSCs \[[@B15][@B16][@B26][@B27][@B28]\]. However, the effects of RF-EMF exposure on NSCs proliferation and differentiation are yet unknown from many aspects. We found that exposure to GSM 900-MHz RF-EMF at different durations did not influence cell viability and apoptosis of adult NSCs and also their astrocytic differentiation. Though, the number and size (i.e., diameter) of neurospheres and also the percentage of differentiated neurons have decreased significantly with increasing the durations of exposure to GSM 900-MHz RF-EMF. These results pave the way for better understanding of the potential effects of RF-EMF exposure on adult NSCs. The proliferation of NSCs is related to the self-renewal and genome replication ability, which is of great importance in maintaining the total number of NSCs for generating various types of neurons and glia during brain development. It has been shown that the size of neurospheres has a linear correlation with the number of cell divisions of the original neurosphere-forming cell and its progeny \[[@B29]\]. Accordingly, as the dose of RF increased, the size of the resulting neurospheres decreased. It seems that increasing the dose of RF also resulted in recruiting less NSCs into the pool of dividing cells as evidenced by less neurosphere formation in the high dose group. But, compared to the control group, the short term group (15 minutes) showed slight increase in the proliferation, i.e., the number of neurospheres. The increasing and decreasing trends in proliferation of NSCs seen in this study hypothesizes a biphasic behavior for RF. From the perspective of RF effect on proliferation of NSCs, it was lately reported that 1800-MHz RF-EMF exposure neither affected the embryonic NSC proliferation or the cell cycle, nor influenced the mRNA expression of the cell-cycle-related genes p21, p53, and GADD45. We presume that the different cell models, durations, and frequencies of exposure are the primary reasons for these conflicts. However, for a more reliable proposition, further studies are required.

The fate of neural and progenitor stem cells in the process of differentiation into neurons and glia is one of the most important procedure in the brain. To date, there is little evidence concerning the effects of RF-EMF exposure on neuro-gliogenesis in the brain. In this study, we found that a higher dose or a much longer period of GSM 900-MHz RF-EMF exposure on undifferentiated NSCs decreased the ratio of differentiated neurons but had no effect on the ratio of NSCs differentiated into astrocytes. Many studies indicate that neuron may be the main target of RF-EMF, hence affecting neurogenesis in the brain. For example neuron loss induced in adult rats when exposed to 900-MHz EMF, has also been reported in several studies \[[@B3][@B18][@B30][@B31]\]. Studying the effects of 1800-MHz radio waves on embryonic NSCs showed that 1800-MHz RF-EMF radiation would cause damage and impairment in the expression of helix-loop-helix genes, essential for neuronal development \[[@B19]\]. All these results certainly indicate that EMF-RF may affect neurogenesis of NSCs. However, the precise fundamental cellular and molecular mechanisms are unknown and further *in vivo* and *in vitro* studies are still required.

Apoptosis occurs in response to a wide variety of environmental stimuli \[[@B32][@B33][@B34]\]. We found that RF-EMF GSM 900-MHz exposure at a SAR of 2.287 W/kg has no effect on the cell viability and apoptosis of NSCs, verified by alamarBlue viability test and anti-caspase-3 immunofluorescence, respectively. The results of these two tests confirmed each other. Our results regarding both cell viability and apoptosis, are in line with many previous studies on cell lines and animal models, demonstrated no effects of RF-EMF on apoptosis of neural cells \[[@B17]\]. As reported in a late study, a SAR of 4 W/kg 1800-MHz RF-EMF exposure has no effect on the cell viability and apoptosis of embryonic NSCs using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and Hoechst 33342 staining. No change in the percentage of TUNEL positive cells was found. In addition, the results from the Hoechst 33342 staining showed no change in cell death after RF-EMF exposure. No change in the mRNA expression of apoptosis-related genes Bax and Bcl-2 after RF-EMF exposure was inspected \[[@B35]\]. In contrast, a previous study has reported that 1950-MHz RF-EMF exposure may cause transcriptional changes in apoptosis related genes, such as Bax \[[@B36]\]. Also the up-regulation of apoptosis-related genes have also been previously observed in embryonic stem cell derived neural progenitor cells *in vitro* \[[@B19]\]. These conflicts may be due to different cell models, exposure SARs, durations, and frequencies of exposure that needs further investigation. Overall, it seems accumulating dose of GSM 900-MHz RF-EMF might induce devastating effects on NSCs proliferation and neurogenesis which implicates a more cautious use of mobile phones especially in long durations.
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![Effect of GSM 900 MHz on proliferation of adult neural stem cells *in vitro*. (A) Mean neurosphere forming frequency. (B) Mean neurosphere diameter. (C) Representative neurospheres formed in different treatment groups. Scale bar=100 µm. ^\*\*^*P*\<.01, ^\*\*\*^*P*\<0.001.](acb-50-115-g001){#F1}

![Effect of GSM 900 MHz on differentiation of neural stem cell. (A) Mean percentage of astrocytes. (B) Mean percentage of neurons. (C) Representative immunostained pictures from the control and 120-minute treatment groups. GFAP, glial fibrillary acidic protein; IR, immunoreactive. Scale bar=100 µm. ^\*^*P*\<0.05, ^\*\*\*^*P*\<0.001.](acb-50-115-g002){#F2}

![Effect of GSM 900 MHz on cell viability and apoptosis. (A) Cell viability of neural stem cells using alamarBlue assay. (B) Mean percentage of caspase 3 apoptotic cells in different treatment groups. (C) Representative flow cytometry plot analyzing caspase 3 immunoreactive cells.](acb-50-115-g003){#F3}

###### The exposure system and physical properties of GSM 900-MHz mobile simulator
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  Parameter                Value
  ------------------------ ----------------------
  Frequency bands          935.1--959.1 MHz
  Bandwidth                200 KHz
  Channel                  124
  Modulation               GMSK
  Data rate                270.833 (kbp)
  Bit duration             1/270.833 k=3.69 µs
  Packet duration          577 µs
  No. of bits per packet   577 µ/3.69 µ=156.25
  Packet repetition        20 ms
  Packet type              Normal
                           Frequency correction
                           Synchronization
                           Random access
